University of Nebraska at Omaha

DigitalCommons@UNO
Journal Articles

Department of Biomechanics

1-2002

Foot strike patterns after obstacle clearance during running
Shane D. Scholten
Nicholas Stergiou
Alan Hreljac
Jeremy J. Houser
Daniel Blanke

See next page for additional authors

Follow this and additional works at: https://digitalcommons.unomaha.edu/biomechanicsarticles
Part of the Biomechanics Commons

Authors
Shane D. Scholten, Nicholas Stergiou, Alan Hreljac, Jeremy J. Houser, Daniel Blanke, and L. Russell
Alberts

Foot strike patterns after obstacle
clearance during running
SHANE D. SCHOLTEN, NICHOLAS STERGIOU, ALAN HRELJAC, JEREMY
HOUSER, DANIEL BLANKE, and L. RUSSELL ALBERTS HPER
Biomechanics Laboratory, University of Nebraska at Omaha, Omaha, NE 68182; Orthopaedic Surgery,
University of Nebraska Medical Center, Omaha, NE 68198; and Department of Kinesiology and Health
Science, California State University, Sacramento, CA 95819

ABSTRACT
SCHOLTEN, S. D., N. STERGIOU, A. HRELJAC, J. HOUSER, D. BLANKE, and L. R.
ALBERTS. Foot strike patterns after obstacle clearance during running. Med. Sci.
Sports Exerc., Vol. 34, No. 1, 2002, pp. 123–129. Purpose: Running over obstacles of
sufficient height requires heel strike (HS) runners to make a transition in landing
strategy to a forefoot (FF) strike, resulting in similar ground reaction force patterns to
those observed while landing from a jump. Identification of the biomechanical variables
that distinguish between the landing strategies may offer some insight into the reasons
that the transition occurs. The purpose of this study was to investigate the difference in
foot strike patterns and kinetic parameters of heel strike runners between level running
and running over obstacles of various heights. Methods: Ten heel strike subjects ran at
their self-selected pace under seven different conditions: unperturbed running (no
obstacle) and over obstacles of six different heights (10%, 12.5%, 15%, 17.5%, 20%,
and 22.5% of their standing height). The obstacle was placed directly before a Kistler
force platform. Repeated measures ANOVAs were performed on the subject means of
selected kinetic parameters. Results: The statistical analysis revealed significant
differences (P < 0.004) for all of the parameters analyzed. The evaluation of the center
of pressure and the ground reaction forces indicated that the foot strike patterns were
affected by the increased obstacle height. Between the 12.5% and 15% obstacle
conditions, the group response changed from a heel strike to a forefoot strike pattern.
Conclusions: At height >15%, the pattern was more closely related to the foot strike
patterns found in jumping activities. This strategy change may represent a gait transition
effected as a mechanism to protect against increased impact forces. Greater
involvement of the ankle and the calf muscles could have assisted in attenuating the
increased impact forces while maintaining speed after clearing the obstacle.

Key Words: GROUND REACTION FORCES, GAIT TRANSITIONS, LOCOMOTION

Human beings are capable of producing a number of gait patterns on land,
including walking, running, sprinting, bounding, skipping, and jumping. Although there
are some clearly defined biomechanical differences between these gait patterns, it is

not always clear when one gait pattern ends and another begins. Some re searchers
(15) believe that various terrestrial gait patterns represent a continuum in terms of
biomechanical parameters. Others (1,2,14,16) believe that gait patterns are
differentiated between each other only when one or more distinguishing biomechanical
characteristics could be identified that change discontinuously at the transition between
gaits.
Although running has been described as a series of leaps or jumps (1,21), there
are some very clear differences in landing patterns observed between running and
jumping. Among the most obvious differences is the portion of the foot that initially
contacts the landing surface. At slow to moderate speeds of running (<4.5 m·s-1), a
large majority of runners first contact the ground with the heel of the foot (4,24). When
landing from a vertical jump, researchers have reported that subjects generally utilize a
forefoot landing pattern (12), with similar forefoot landing patterns observed in landings
after a basketball rebound (29) and a volleyball block (27). Possibly due to the
differences in landing strategies, vertical ground reaction forces have also been shown
to differ between running and landing from a jump (13), as well as between moderate
speed running and sprinting (19,20).
The landing and force time records of running could be temporarily disrupted
when runners are forced to negotiate an obstacle. When subjects run over relatively low
obstacles, little difference is observed in the landing pattern compared to that observed
during level running (28). However, when obstacles of sufficient height are negotiated,
landing strategies change from a heel strike to a forefoot strike pattern, becoming
similar to patterns observed while landing from a jump (28). Clearly, there is a difference
between the landing mechanics during level running and landing mechanics when
jumping over sufficiently high obstacles, but it is not clear whether these differences
occur on a continuum scale or whether there is an abrupt discontinuity in some
biomechanical factors at a specific height. If an abrupt change could be identified, and if
it could be determined that this change is consistent within and between subjects, then
these gait patterns could be considered as separate entities (2,14,16). The
biomechanical variables that identify this gait change may offer some insight into the
reasons that the transition occurs. It has been suggested (2) that the study of gait
transitions may be important in understanding the optimization criteria involved in gait
selection. The purpose of this study was to investigate the difference in foot strike
patterns and kinetic parameters of heel strike runners between level running and
running over obstacles of various heights. An attempt was made to determine whether a
height existed where there was an abrupt change in the measured parameters or
whether differences occurred on a continuum scale. It was hypothesized that the
transition in landing strategy would occur at a similar height for each subject and that a
small number of variables could be identified that change discontinuously at this
transition height.

METHODS

Subjects.
The subjects of this investigation were 10 healthy male (N = 4) and female (N =
6) recreational runners (age = 23.5 ± 2.5 yr; body mass = 67.5 ± 15.3 kg; height =
173.9 ± 9.3 cm). Before the subjects were admitted to this research study, the
investigators qualitatively analyzed their running style to ensure they performed at their
preferred pace with a heel strike pattern. The study protocol had been previously
approved by the Human Subjects Committee of the University of Nebraska. Before
testing, each subject read and signed an informed consent form consistent with the
University of Nebraska and the American College of Sports Medicine policies.
Instrumentation.
A Kistler force platform (Kistler Model 9281-B11, Amherst, NY) connected to a
Kistler signal conditioner/amplifier (Kistler Model 9807) was used to collect the ground
reaction forces (GRF) data (900 Hz). The signal condition/amplifier was interfaced to a
16-channel Peak Performance Technologies Analog/Digital Interface Unit (Peak Model
2051, Englewood, CO) containing the analog to digital sampling modules interfaced to a
PC. The GRF data were stored on a hard disk during the testing sessions. The vertical
(FZ) and the anterior-posterior (FY) GRF components, as well as the coordinates (AX
and AY) of the center of pressure (COP), were retained for further analysis.
Protocol.
Subjects wore their regular running shoes to assure the most normal
performance. Running speed was monitored over a 3-m interval by using a
photoelectronic timing system. This system utilized two infrared timing lights connected
to a digital timer. Subjects were given time to accommodate to the experimental set-up
and to adequately warm-up before testing. Warm-up consisted of running through the
testing area without concern for stepping on the force platform. The testing area was a
40-m runway with a 0.6-m-wide lane. During warm-up, the subject established a
comfortable running pace, which was recorded. This speed (±5%) was used for the
subsequent testing. A trial was considered acceptable only when the running speed was
within this predetermined range. After this procedure, a foot placement marker was
located approximately 7 m before the timed interval to allow for a normal right foot
contact on the force platform. Each trial was visually monitored to insure that the stride
was normal, and the foot was completely on the force platform. Every subject ran at the
previously established comfortable self-selected pace over obstacles of six different
heights: 10%, 12.5%, 15%, 17.5%, 20%, and 22.5% of the subject’s standing height. In
addition, a baseline condition with no obstacle was collected. The obstacle was placed
directly before the force platform so that the subject was forced to clear the obstacle
with the right leg and land on the force platform. While the subjects performed at their
self-selected pace, a marker was positioned one step before the force platform to
identify left foot position. When the obstacle was placed on the runway, the subjects
were instructed to hit the marker with their left foot before clearing the obstacle with the

right leg. This procedure insured that the subjects did not change their stride length
when clearing the obstacle. By controlling the stride length and, as mentioned above,
the speed, we ensured that the observed changes were due only to the obstacle
perturbation. It has been documented in the literature (6,10) that changes in stride
length and in speed can affect the mechanics of the leading leg. The obstacles were
made of extremely lightweight wood so that when a subject stepped on or hit the
obstacle by mistake while running, the obstacle was destroyed. This minimized the risk
of the subject tripping and/or falling. Each condition consisted of 10 trials, and the
heights of the obstacles were established based upon pilot work and previous literature
(28).
Data reduction and analysis.
Based on the literature (7,22,23) regarding the evaluation of GRF, the following
parameters were evaluated for each trial using laboratory software: from the anteriorposterior GRF component, the time of the stance (TS) period, the minimum braking
peak (Fy1), the maximum propulsion peak (Fy2), the braking impulse (BI), and the
propulsive impulse (PI); from the vertical GRF component, the first impact peak (F1),
the second impact peak (F2), the active peak (Factive), and the loading rates to the two
impact peaks (LR1 and LR2). The loading rates LR1 and LR2 were calculated by
dividing F1 with the time to F1 (T1) and F2 with the difference between the time to F2
(T2) and T1, respectively. Subsequently, all force values were normalized to body
weight (BW), whereas the loading rates were normalized to BW·s -1. The impulses in N·s
were normalized by dividing them with the impulse of the individual’s body weight over
the stance time generating units of body weight impulse (BWI; 22). The means of all
parameters were calculated across trials for each condition of each subject. The group
means for all parameters were also calculated for each condition.
The second impact peak (F2) appeared predominantly in the high obstacle
conditions (Fig. 1). When the vertical GRF plots showed a configuration with two peaks,
F2 was selected as the second impact peak. When the plots had only one impact peak,
the same value was used for both as F1 and as F2 (Fig. 1). This procedure ensured that
for the evaluation of F1, the first impact peak was always used. In addition and for every
condition, the number of trials that exhibited two peaks was identified, as well as the
ones that had only one peak. The same rationale was used for the evaluation of the
LR1 and LR2.
In addition to these parameters, an index of the anterior-posterior (the direction of
movement) position of the center of pressure (ICOP) was estimated (Fig. 2). This last
parameter was calculated for the entire stance period as follows.
The end and the beginning points of the anterior-posterior coordinate values
were subtracted working toward the middle (i.e., if the total number of data points are
100 then subtract 100 – 1 , 99 – 2, 98 – 3 , etc.). Then, the absolute values of the
resulting numbers were averaged. This procedure ensured that the location of the foot

strike on the platform would not affect the ICOP. Functionally, this parameter assisted in
quantifying the foot strike pattern. A large value (above 0.10 m) indicated wide-spread
values for the location of COP in the direction of movement (anterior-posterior) and a
heel strike pattern, whereas a small value (below 0.07 m) indicated a more
concentrated location of the COP and a forefoot strike pattern (Fig. 2). Subject and
group means were also calculated for ICOP.

The method used for the calculation of the ICOP is different than the one
recommended in the literature (7,22), where the measure used to quantify COP is the
foot strike index. However, the calculation of the foot strike index requires information
regarding the exact location of the outline of the foot on the platform. This information is
difficult to be acquired based on the procedures described in the literature (7,22),
especially for a large number of trials, as was the case in this study. Therefore, the
method described above was devised because it does not require such information. In a
validation pilot study, a strong correlation (r = 0.99) was found to exist between this
method and the procedures described in the literature regarding the identification of the
foot strike patterns.

Statistical analysis.
Eleven one-way repeated measures ANOVA (obstacle height by subject) were
performed on the subject means for all parameters. In tests that resulted in a significant

F-ratio (P < 0.004), a Tukey multiple comparison test was performed to identify the
location of the significant differences. A Bonferroni correction was used in this study due
to the large number of comparisons conducted.

RESULTS
The group mean values for F1 and F2 were identical only for the no obstacle
condition (Table 1). This means that as soon as the obstacle was introduced, some
subjects exhibited trials with two peaks. In fact, the categorization of the trials based on
the number of their impact peaks (Table 1) showed that 13 of the 100 trials of the
smallest (10%) obstacle condition exhibited trials with two peaks. The 15% obstacle
was the first condition that showed more trials with two impact peaks (60) in comparison
to trials with one (40). Statistically, the group results for the vertical GRF revealed
significant differences for all parameters examined (Table 1). The post hoc analysis for
the F1 group results revealed only one comparison as different. The highest (22.5%)
obstacle condition, which had the lowest value, was statistically different from the 10%
obstacle condition. The F1 group mean value increased (+0.40 BW) from the no
obstacle condition to the 10% obstacle condition where it showed its largest value (2.12
BW). It then decreased between 10% and 12.5% ( – 0.13 BW) obstacle conditions and
from 12.5% to 15% (– 0.33 BW) obstacle conditions. After the 15% obstacle condition,
the F1 group mean value gradually de creased until the 22.5% obstacle condition,
where it showed its lowest value (1.43 BW). The vertical GRF plots from a
representative subject illustrated that the high obstacle conditions exhibited
predominantly two impact peaks (Fig. 1). The first peak was smaller in magnitude and
occurred earlier during stance, whereas the second and later peak was larger in
magnitude than the first. Because F1 was identified as the first impact peak selected,
the change in the configuration of the vertical GRF plots resulted in the decreasing
effect on the F1 values, especially starting at the 15% obstacle condition and continuing
toward the highest obstacles.
For F2, the post hoc analysis revealed several significant differences (Table 1). It
can also be observed that F2 increased as the obstacle height increased. It should be
noted that the introduction of the obstacle had an immediate effect on this variable. An

increase of 0.77 BW was observed between the no-obstacle and the 10% condition.
This large increase was not observed between the next two conditions (10% and
12.5%), where the F2 values (2.49 and 2.48 BW) remained almost the same. A
nonsignificant increase was observed between the next two conditions (10% and
12.5%), with F2 values of 2.49 and 2.48, respectively. When the 15% obstacle was
introduced, F2 increased again (0.21 BW difference from 12.5% to 15%) and eventually
reached its largest value (3.10 BW) at the highest (22.5%) obstacle condition. The post
hoc analysis for the Factive group results revealed significant differences be tween the
no obstacle and all the other obstacle conditions. Even though, the Factive values
increased with increasing obstacle height, these changes were not significant. For both
LR1 and LR2, the post hoc analysis showed that all obstacle conditions had significantly
larger values than the no obstacle condition.
The ICOP group results revealed that the higher the obstacle, the smaller the
ICOP. Smaller values for ICOP indicate a more concentrated path in the anteriorposterior direction (or the direction of the movement) for the center of pressure (Fig. 2).
It is interesting to note that the introduction of the obstacle had an immediate and
significant effect on this variable (Table 1). A decrease of 0.023 m was observed
between the no obstacle and the 10% obstacle condition. No significant decrease was
observed between the next two conditions (0.005 m difference from 10% to 12.5%), but
when the 15% obstacle was introduced, the ICOP decreased significantly (0.022 m
difference from 10% to 15%) and reached its smallest value (0.054 m) at the highest
(22.5%) obstacle condition. The differences between the 15% and 22.5% obstacle
conditions were nonsignificant.
The group results for the anterior-posterior GRF revealed significant differences
for all parameters (Table 2). For Fy1, the post hoc analysis indicated that only the no
obstacle was significantly different from the 17.5% and 20% obstacle conditions. It is
interesting to note that the Fy1 value is consistent between all obstacle conditions and
that there was an immediate increase with the introduction of the obstacle. For Fy2, the
post hoc analysis revealed several significant differences (Table 2), indicating that the
increasing obstacle height influenced the maximum propulsive force. Furthermore, it
can be observed that the higher the obstacle, the larger the propulsive force. For TS,
the post hoc analysis indicated that the no obstacle condition was significantly different
for all the obstacle conditions. This result indicated that the introduction of the obstacle
had an immediate decreasing effect on TS. For the obstacle conditions, TS continued to
decrease but this change was not significant. The post hoc analysis for BI showed
significant decreases with the increasing obstacle height. These decreases were
probably due to the decreases in duration of the braking period, since Fy1 actually
increased.

DISCUSSION
The effect of the increased obstacle height was reflected on the force-time plots
seen in Figure 1. The higher obstacle conditions exhibited predominantly two impact
peaks. The first peak was smaller in magnitude and occurred earlier during stance. This
different landing pattern was similar to the foot strike patterns found in jumping
activities, where two impact peaks are usually reported (12,13,29). Based on the
jumping related literature, the first peak is due to contact of the toes with the ground,
whereas the second is due to the subsequent contact of the heel with the ground.
Valiant and Cavanagh (29) measured the magnitude of GRF and the patterns of footfall
during a simulated basketball rebound activity. Of the 10 male subjects evaluated, 8
exhibited a toe first and then heel landing pattern with average F1 and F2 values of 1.3
and 4.1 BW, respectively. Dufek and Bates (12) studied landing patterns from several
heights and with different techniques. They reported average F1 and F2 values of 1.71
and 3.74 BW, respectively. In comparison, in the present study, averages for F1 and F2
of the 22.5% obstacle were 1.43 and 3.10 BW, respectively. Based on the above, it can
be suggested that the initial impact peak was associated with a toe impact, whereas the
later peak was associated with a heel impact.
The change in the configuration of the vertical GRF plot affected the F1 values.
The first impact peak (F1) was associated with the toe impact peak during the high
obstacle conditions, whereas in the low obstacles, it was associated with the heel
impact peak. Thus, it was anticipated that its value would decrease as soon as the toe
impact peak appeared. In fact, up to the 12.5% obstacle, the F1 value remained fairly
constant (around 2 BW) with a significant decrease between the 12.5% and 15%
obstacle conditions. The F2 value was identified as the second impact peak when the
vertical GRF plots showed a configuration with two peaks. Thus, it was always
associated with a heel impact. When the plots had only one impact peak, the same
value was used both in the evaluation of F1 and F2. This is the reason that in the no
obstacle condition F1 and F2 had the same average value (Table 1). Although no
differences were found between the 10% and 12.5% obstacles, F2 values tended to
increase with increases in obstacle height, with the largest increase occurring between
the 12.5% and 15% obstacles.
The F2 results were also similar to results reported by Stergiou et al. (28). In that
study, subjects were instructed to run over obstacles of 0%, 5%, 10%, and 15% body

height and avoid jumping over them. This resulted in only heel strike type of landings.
The authors identified a direct linear relationship between heel impact peak and
obstacle height. The same can be observed in the results of the present study, where
F2 values increased with increased obstacle height. Stergiou et al. (28) reported values
of approximately 2.3 and 2.6 BW for 10% and 15% obstacle conditions, respectively.
These results corresponded closely with the mean F2 values of 2.49 and 2.69 BW that
were reported at the present study for the same obstacle heights.
Increasing obstacle height resulted in larger vertical (F2 and Factive) forces
(Table 1). Combining these results with concurrent decreases in TS with the
introduction of the obstacle (Table 2) led to significant increases in loading rates (LR1
and LR2), especially in the higher obstacles. Although vertical forces increased with
increasing obstacle height, these changes might have been more dramatic and possibly
injurious if the subjects were forced to run over the obstacles and land on their heels.
Co et al. (8) and Oakley and Pratt (25) have shown that forefoot strike runners produced
lower transient forces than heel strikers. It has also been shown that increased impact
forces during initial contact with the ground can deform the heel pad (9). The
deformation of the fatty heel tissue is proportional to the force acting on the heel. Thus,
landing on the toes first after jumping over obstacles, may have decreased the stress on
the heel. In addition, attenuating the increased impact forces could be accomplished by
enlarging the contact area and by incorporating additional structures. Thus, the forefoot
strike pattern might increase the involvement of other foot structures, especially the
ankle joint and the plantarflexors in shock absorption.
Center of pressure patterns from different types of foot strike during distance
running have been produced by several researchers (7,26,30). A heel-strike landing
pattern is associated with a long, relatively straight line starting from the lateral heel and
following the midline of the shoe to the middle of the base of the phalanges. For a
forefoot landing pattern, the center of pressure trajectory generally starts at the anterior
1/3 of the shoe and travels to the midfoot area before returning to the anterior 1/3 of the
shoe at toe off. These trajectories are similar to the ones depicted in the present study
(Fig. 2). Furthermore, the ICOP values decreased with increasing obstacle height,
revealing that the higher obstacles showed a more concentrated location of the center
of pressure and a forefoot strike pattern. This is also in agreement with the F1 and F2
results.
The ICOP values showed a significant decrease between the 12.5% and 15%
obstacles. No significant differences were found for ICOP between the 10% and the
12.5% obstacles or between the 15% and the rest of the high obstacle conditions. Thus,
the 15% obstacle condition might be a critical threshold where the subjects as a group
altered their landing strategy. Even though there was a significant decrease in the ICOP
values between the no obstacle and the smallest (10%) obstacle condition, this was
probably not the height at which the subjects changed their landing strategy, because
the F1 values showed a nonsignificant increase between these two conditions.

Not all subjects agreed behaviorally with the group response that the 15%
obstacle height was the critical threshold. Differential responses between subjects were
revealed in terms of an earlier or later transition. In fact, the categorization of the trials
based on the number of their impact peaks (Table 1) showed that 13 of the 100 trials
even at the smallest (10%) obstacle condition exhibited forefoot strike landings. These
results underlined the importance of individual variability as Dufek et al. (12,13) have
previously suggested.
The Fy1 and Fy2 values also increased with the increasing obstacle height
(Table 2). The Fy1 and Fy2 results were similar to values presented by Williams et al.
(30) during running at 5.36 m·s-1. Their values were 0.67 BW for Fy1 and 0.57 BW for
Fy2, whereas in this study, the subjects ran at an average speed of 3 m·s -1 and showed
values of 0.42 BW for Fy1 and 0.28 BW for Fy2 at the no obstacle condition. Using a
direct linear extrapolation of the values, it was found that if the subjects were to run at a
similar speed as in Williams et al. (30), the current values would have increased to a
similar magnitude. TS results from this study were also comparable with the literature
(22), where TS was found to be 270 ms at a running speed of 3 m·s -1. In the present
study, TS for the no obstacle condition was also found to be 270 ms for the same
speed. The two anterior-posterior impulses indicated that the effect of the obstacle on
the braking and the propulsion phases was opposite (Table 2). Although BI decreased,
PI increased. Specifically, the differences between BI and PI were at a minimum at the
10% obstacle (0.007 BWI) and at a maximum at the 25% obstacle condition (0.067
BWI). Such differences in BI and PI have been suggested by Miller (22) as indicative of
a change in momentum. Furthermore, these differences, along with the decreases in TS
and the increases in FY2, may be related to the fact that speed was controlled in this
study. Generally, it is expected that an obstacle will have a decreasing effect on the
running speed. However, our subjects had to maintain the same speed, and thus, they
may have used a mechanism similar to sprinting (3). Sprinters run with a forefoot strike
pattern to achieve maximum velocity. One of the primary speed mechanisms is
produced by the loading effect on the calcaneal tendon. This type of strategy allows
increased speeds that are associated with higher propulsive forces and decreased
stance times. Therefore, as obstacle height increased, subjects may have changed to a
forefoot strike not only to allow for better shock attenuation but to also minimize the
effect of the obstacle on their speed.
The determinants of gait transitions have been identified as variables that
increase as speed increases during a particular gait, then fall abruptly to a lower level
when a gait transition occurs (2,14,17,18). It has been proposed (5,14) that animals
change gaits in response to kinetic factors. Specifically, it was concluded that horses
change from a trot to a gallop when critical force levels are reached, demonstrated by
the fact that peak forces decreased substantially when changing gaits (14). The gait
change was hypothesized to be effected as a protective mechanism. Although no
similar response was found in the walk to run transition of humans (17), data from the
present study suggest that kinetic factors may trigger the transition from a running to a

jumping strategy as obstacle height increases. The impact force peak (F1) increased
with increasing height until a height was reached at which the landing strategy changed,
then abruptly decreased for all subjects (Table 1). It is possible that subjects changed
from running over obstacles to jumping over obstacles to enable them to attenuate
increased impact forces. The forefoot strike pattern noted at the higher obstacle levels
would likely have increased the involvement of the ankle joint in shock attenuation.
However, it should be noted that individual differences regarding the point of transition
to a different foot strike pattern do exist.
In conclusion, much research (3,11,16–18,20,24) has been produced on
behavioral changes such as the walk-to-run or run-to-sprint transitions. These studies
focused on the interaction between the nervous and the musculoskeletal systems under
varied conditions in order to improve our understanding of control of locomotion.
However, less attention has been directed toward the evaluation of the leading leg
mechanics while running over high enough obstacles to cause a heel strike runner to
land on the forefoot. In the present study, the results revealed that the foot strike
pat terns, as described by the kinetic parameters, were affected by the increased
obstacle height. Between 12.5% and 15% obstacle conditions the group response
probably changed from heel strike to forefoot strike. This new pattern was more closely
related to the foot strike patterns found in jumping activities.
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